Introduction
Magnetic iron oxide (Fe 3 O 4 ) nanoparticles (NPs) have been applied in a wide range of biomedical and medical areas, including cell labeling, 1,2 separation and tracking, 3 drug delivery, 4 diagnosis, 5 and hyperthermia for cancer therapy. 6 Due to the unique properties of Fe 3 O 4 NPs, much progress in the development of its application has been made. However, further research is required in understanding the interaction of Fe 3 O 4 NPs within biological systems. As Fe 3 O 4 NPs more easily enter cells than traditional chemical reagents, 7 their toxicity is a potential risk inevitably existing in the medical application.
Toxicological response of Fe 3 O 4 NPs differs according to their diameter, charge, dose, structures, and surface properties. 8 The oxidative stress induced by the elevation of intracellular reactive oxygen species (ROS) generation and lipid peroxidation and the depletion of superoxide dismutase (SOD), glutathione, and catalase (CAT) activities are proved to be the principal reasons that cause toxicological response. 9 Moreover, toxicological response of NPs varied with the change of cell types, suggesting the complexity of toxicological response of NPs. 10 Notably, however, most of the toxicity research mainly focuses on the NPs with 20 nm diameter; the toxicological effect of small particles (20 nm) is poorly understood and the mechanisms of toxicological hazards have not been fully evaluated; small particles are believed to interact more strongly with biological systems, through either enhanced cellular uptake or faster decomposition due to greater surface area-to-volume ratios, compared to larger particles. 11 It is therefore necessary to investigate the toxicity and relative mechanism of small Fe 3 O 4 NPs in different cells so as to understand and mitigate any possible toxicity response that may be associated with exposure.
After intravenous injection, the in vivo distribution of nontargeted NPs mainly depends on their diameter. NPs with 200 nm diameter are generally found in the reticuloendothelial system, while NPs 200 nm can be enriched in the solid tumor. 12 Ten-nanometer NPs showed the highest cytotoxicity of hepatoma cells compared to 50 nm and 100 nm. 13 The liver is one of the primary sites of uptake after intravenous administration, and hepatic cells are continuously exposed to the NPs, so that administered NPs accumulate at higher level in the liver than in other tissues. Nowadays, NPs-based drug delivery system is a prospective therapeutic strategy and suited for the treatment of liver disease, 14 including hepatocellular carcinoma, 14 liver fibrosis, 15, 16 and viral hepatitis. 17 Therefore, we chose to analyze the toxicity of small Fe 3 O 4 NPs using hepatoma cells. Specifically, in this study, the small Fe 3 O 4 NPs with different diameters (6 nm, 9 nm, and 14 nm) were investigated in two kinds of hepatoma cells (SK-Hep-1 and Hep3B), which contributed to the understanding of the relative mechanism of toxicological response difference in different cells, so as to realize their toxicity hazard and further promote their security application.
Materials and methods Materials
Fe(acac) 3 was purchased from Acros (Pittsburgh, PA, USA). Triethylene glycol was purchased from SigmaAldrich (St Louis, MO, USA). Fetal bovine serum (FBS), Dulbecco's Modified Eagle's Medium (DMEM), minimum essential medium, penicillin, streptomycin, and 0.25% ethylenediaminetetraacetic acid trypsin were purchased from Thermo Fisher Scientific (Waltham, MA, USA). SOD, CAT, 2′,7′-dichlorofluorescein diacetate (DCFH-DA), phenylmethanesulfonyl fluoride, and lactate dehydrogenase (LDH) Cytotoxicity Assay Kit were purchased from Beyotime Institute of Biotechnology (Nantong, People's Republic of China). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo (Kumamoto, Japan). Annexin V-FITC/Dead Cell Apoptosis Kit was purchased from Molecular Probes (Eugene, OR, USA). Antibodies including Akt, p-Akt (Ser473), Erk1/2, p-Erk1/2 (Thr202/Tyr204), p38, and p-p38 (Thr180/Tyr182) were purchased from Cell Signaling Technology (Danvers, MA, USA). β-actin antibody was obtained from HuaAn Biotechnology (Hangzhou, People's Republic of China). IRDye 800CW conjugated secondary antibody was obtained from LI-COR Biosciences (Lincoln, NE, USA). M-PER Mammalian Protein Extraction Reagent and bicinchoninic acid (BCA) Protein Assay Kit were purchased from Thermo Fisher Scientific. Complete inhibitor cocktail was purchased from Hoffman-La Roche Ltd. (Basel, Switzerland). Nitrocellulose membrane was purchased from Whatman (Maidstone, UK).
Hepatoma cell lines, SK-Hep-1 and Hep3B, were obtained from the Shanghai Cell Bank of China (Shanghai, People's Republic of China). SK-Hep-1 cells were maintained in DMEM containing 4.5 g/L glucose. Hep3B cells were grown in minimum essential medium. Both culture media contained 100 U/mL penicillin, 100 µg/mL streptomycin, and 10% FBS. All cultures were maintained at 37°C in a fully humidified incubator with 5% CO 2 . The study protocols were approved by the Hospital Research Ethics Committees of Renji Hospital. All methods were carried out in accordance with the approved guidelines.
Nanomaterials synthesis and characterization
Six-nanometer Fe 3 O 4 NPs were prepared using the polyol method. 18 Then, 2 mmol of Fe(acac) 3 and 25 mL of triethylene glycol were directly added into a three-neck roundbottomed flask equipped with condenser, magnetic stirrer, thermograph, and heating mantle, and stirred under argon. The mixture was heated to 180°C at a rate of 3°C/min and kept at that temperature for 30 minutes, then quickly heated to reflux (280°C) and kept at reflux for another 28 minutes. After cooling down to room temperature, a black homogeneous colloidal suspension containing magnetite NPs was obtained. The homogeneous colloidal suspension was dialyzed in distilled water and then collected using a magnetic separation method to obtain 6 nm Fe 3 
Internalization and localization of Fe 3 O 4 NPs
Internalization and localization of Fe 3 O 4 NPs in cells were observed using TEM.
19 SK-Hep-1 cells (6×10 6 cells/well) were seeded in 10 cm plates and incubated for 24 hours, and then exposed to Fe 3 O 4 NPs for another 24 hours. Cells were washed three times with PBS, trypsinized, harvested, and resuspended in 500 µL of stationary liquid containing 4% paraformaldehyde and 5% glutaraldehyde. Cells were embedded in agar gel, which was then cut into 1 mm slices. Each slice was again fixed using osmic acid and dehydrated, embedded, and imaged using TEM.
Mitochondrial function
Mitochondrial function was detected using CCK-8 on a microplate reader (BioTek, Winooski, VT, USA). SK-Hep-1 and Hep3B cells (2×10 4 cells/well) were separately seeded in 96-well plates and incubated for 24 hours, and then exposed to Fe 3 O 4 NPs for another 24 hours. Then, 10 µL of CCK-8 reagent was added and incubated for 1 hour at 37°C. Finally, the absorbance was measured at 450 nm. The untreated cells served as the control, and their mitochondrial function was defined as 100%.
rOs assay
Intracellular ROS levels were detected using DCFH-DA and analyzed by FACSCalibur flow cytometer. SK-Hep-1 and Hep3B cells (5×10 5 cells/well) were separately seeded into six-well plates and incubated for 24 hours, and then exposed to Fe 3 O 4 NPs for another 24 hours. Cells were washed with FBS free medium and incubated with 10 µM DCFH-DA for 30 minutes at 37°C in the dark. Subsequently, cells were washed twice with FBS free medium to remove the additional dye, and incubated in FBS free medium for an additional 30 minutes at 37°C to allow complete de-esterification of the intracellular diacetates. Finally, cells were harvested by trypsinization, and at least 2×10 4 cells from each sample were analyzed by FACSCalibur flow cytometer.
apoptosis and necrosis assays
Apoptosis and necrosis were detected using Annexin V-FITC/ Dead Cell Apoptosis Kit and analyzed by FACSCalibur flow cytometer. SK-Hep-1 and Hep3B cells (5×10 5 cells/ well) were separately seeded into six-well plates and incubated for 24 hours, and then exposed to Fe 3 O 4 NPs or Fe 3 O 4 NPs combined with 500 U/mL SOD plus 500 U/mL CAT for 24 hours. Cells were washed with cold PBS, harvested by trypsinization, and resuspended in 100 µL 1× annexinbinding buffer containing 5 µL annexin V and 1 µL of 100 µg/mL propidium iodide (PI) for 15 minutes at room temperature in the dark. After the incubation period, 400 µL 1× annexin-binding buffer was added to each sample and mixed gently. At least 2×10
4 cells from each sample were analyzed. Annexin V + staining indicated cells in the process of apoptosis due to the potent affinity of annexin V for phosphatidylserine, which transports annexin V protein from the inner leaflet of the plasma membrane to the outer surface of the membrane. Meanwhile, annexin V -
/PI
+ staining marked necrotic cells, since PI could penetrate the compromised membranes of cells that are dead instead of the intact cell membranes of viable cells.
Western blot assays
After treating with Fe 3 O 4 NPs for 24 hours, cells (2×10 6 cells in 60 mm dish) were washed three times with cold PBS and lysed using M-PER Mammalian Protein Extraction Reagent supplemented with complete inhibitor cocktail and phenylmethanesulfonyl fluoride. The protein concentration in the supernatant fraction was determined by the pierce BCA Protein Assay Kit. Equal amounts of protein were separated by 10%-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto a nitrocellulose membrane. After blocking with 5% ChromatoPur bovine serum albumin in Tris-buffered saline for 1 hour, the membrane was incubated with the primary antibody at 4°C overnight as indicated. Then, the membrane was washed with Trisbuffered saline Tween-20 and incubated with secondary antibodies at room temperature for 1 hour. After several washes, protein bands were visualized using an Odyssey infrared imaging system (LI-COR Biosciences) and quantified with Odyssey application software. β-actin was used for the loading control.
cellular membrane damage assay
The cellular membrane damage assay was performed using the LDH Cytotoxicity Assay Kit that can quantitatively evaluate the degree of cellular membrane damage associated with the leakage of the cytosolic LDH. 
statistical analysis
The data were expressed as mean ± standard error of at least three independent experiments. The significance of differences in the data of different groups was appropriately determined by the unpaired Student's t-test at P0.05.
Results

characterization of Fe 3 O 4 NPs
In order to investigate the relative mechanism of size-dependent cytotoxicity of Figure 4A ). Similarly, 6 nm, 9 nm, and 14 nm Figure 6 shows the indexes of apoptotic and necrotic cells for SK-Hep-1 ( Figure 6A ) and Hep3B cells ( Figure 6B ) after 24 hours of exposure to 200 µg/mL and 500 µg/mL Fe 3 O 4 NPs with 6 nm, 9 nm, and 14 nm particle sizes. Interestingly, the levels of apoptosis for SK- with SOD and CAT, as ROS scavengers, 20 during Fe 3 O 4 NPs incubation. A typical result is illustrated in Figure 8A and B, where SOD plus CAT treatment effectively abolished the occurrence of cellular necrosis induced by 9 nm dysfunction and slight or moderate ROS production. However, the accumulation of ROS was proved to be nonrelated with cellular apoptosis or necrosis. To investigate whether Fe 3 O 4 NPs effect on the cellular plasma membrane, the cellular membrane damage of Fe 3 O 4 NPs was then evaluated using LDH leakage assay, which reports the loss of the integrity of plasma membrane. As shown in Figure 8C , following the exposure of SK-Hep-1 cells to 200 µg/mL Fe 3 O 4 NPs for 24 hours, only the 14 nm Fe 3 O 4 NPs produced significant LDH leakage compared to 6 nm Fe 3 O 4 NPs and 9 nm Fe 3 O 4 NPs. On the contrary, 500 µg/mL Fe 3 O 4 NPs triggered an increase in LDH leakage in a diameter-dependent manner. In addition, the cytotoxicity of Fe 3 O 4 NPs was also investigated by using Hep3B cells and similar behavior was further confirmed ( Figure 8D ). Notwithstanding, Hep3B cells appeared to be more sensitive compared to SK-Hep-1 cells, but 14 nm Fe 3 O 4 NPs exerted strong cytotoxicity in LDH leakage for Hep3B cells without differences between doses of 200 µg/mL and 500 µg/mL. These findings demonstrate that 14 nm Fe 3 O 4 NPs principally instigate to plasma membrane damage and cause LDH leakage.
It may seem contradictory that 14 nm Fe 3 O 4 NPs treatment showed slighter mitochondrial dysfunction but stronger LDH leakage compared to 9 nm Fe 3 O 4 NPs. To elucidate this difference, we also treated cells with SOD and CAT during Fe 3 O 4 NPs incubation, and detected LDH leakage. As shown in Figure 8E and F, the increased LDH leakage induced by 6 nm and 9 nm Fe 3 O 4 NPs was completely removed by SOD plus CAT pretreatment in both SK-Hep-1 and Hep3B cells. In contrast, SOD plus CAT pretreatment ameliorated the LDH leakage with 32.8% and 48.5% reduction in SK-Hep-1 cells treated with 14 nm Fe 3 O 4 NPs at 200 µg/mL and 500 µg/mL, respectively, compared to cells without the pretreatment of SOD and CAT. These data further demonstrated that 9 nm Fe 3 O 4 NPs primarily elicited mitochondrial dysfunction to trigger programmed necrosis predominantly through ROS signaling, while 14 nm Fe 3 O 4 NPs exposure impaired the integrity of plasma membrane damage and promoted massive LDH leakage.
Discussion
The safety of Fe 3 O 4 NPs is routinely estimated in vitro prior to applications in humans. Therefore, it is crucial to understand the mechanism of different diameter Fe 3 O 4 NPs-induced cytotoxicity before we confidently use the results from laboratory to make deductions in human. The small size and the relatively large surface of NPs have been proved to increase the cytotoxicity when compared to particles with micrometer size. In addition, small particles are believed to interact more strongly with biological systems. However, the internal mechanism of this increased cytotoxicity is not yet well understood. The current study first disclosed that 6 nm Fe 3 O 4 NPs exhibited negligible cytotoxicity and 9 nm Fe 3 O 4 NPs increased cytotoxicity via cellular mitochondrial dysfunction and induced necrosis. But, 14 nm Fe 3 O 4 NPs predominantly led to plasma membrane damage. Consistently, this cytotoxicity of Fe 3 O 4 NPs was associated with their cellular uptake and intracellular ROS generation.
As inductively coupled plasma mass spectrometry has significant advantages in measuring the cellular uptake of NPs, it has been used as a regular method. Since partial Fe 3 O 4 NPs still adhere to the cell surface after the uptake, the inductively coupled plasma mass spectrometry could not distinguish the Fe 3 O 4 NPs between adhered to the cell surface and internalized into the cell; therefore, it easily causes measurement errors. However, flow cytometric light scattering assay can solve this problem. This is mainly because the internalized NPs will aggregate within intracellular vesicles if the NPs are internalized into cells, which can change the light scattering of flow cytometry. By means of this property, the intracellular NP concentration can be accurately measured. Therefore, in this study, the cellular uptake of Fe 3 O 4 NPs was carried out using flow cytometric light scattering assay, which was consistent with the internalized distribution detected by TEM in Figure 3 , which further indicates that flow cytometry was more suitable for measuring cellular uptake of The cellular uptake amount of NPs and its internalization distribution in cells are key factors to induce cytotoxicity response. Mitochondria are vulnerable targets for cytotoxicity because of their crucial role in maintaining cellular function via aerobic adenosine triphosphate generation. 21 It was reported that the enhancement of intracellular uptake of protamine-modified maghemite NPs led to a significant impairment of cellular viability in human hepatoma cell line SMMC-7721. 22 Consistently, in this article, we report that 6 nm Fe 3 23 However, a recent study indicated that Fe 3 O 4 NPs specifically impair liver mitochondrial coupling in middleaged rats but not in young animals, 24 since SK-Hep-1 is a poor-differentiated hepatoma cell line, while Hep3B is a well-differentiated hepatoma cell line, 25 suggesting that these differences of Fe 3 O 4 NPs for mitochondrial function inhibition are associated with the differentiation of cells.
Under physiological circumstances, ROS are the natural by-product of cellular metabolism process taking place in the mitochondria and have an important role in cellular homeostasis, which could be easily disturbed by outer environmental stress. 26 In addition, excess or exaggerated ROS production can cause mitochondrial dysfunction. 27 As expected, a significant increase in ROS was observed after exposure of cells to Fe 3 O 4 NPs in a dose-dependent manner. Furthermore, at the same dosage, the intensity of Fe 3 O 4 NPs induced intracellular ROS generation was on the tendency of 9 nm 14 nm 6 nm ( Figure 5 ). These findings support the idea that ROS production is the main cause of mitochondrial dysfunction.
Overwhelming ROS generation represents the oxidative stress status, which overcomes the antioxidant protective ability of the cell and thus induces deleterious biological effects including mitochondrial dysfunction, DNA damage, apoptosis, and necrosis. 27 In addition, mitochondrial dysfunction can also lead to apoptosis or necrosis, which depends on the energy status of the cell. 28 As anticipated, our results showed that 9 nm Fe 3 O 4 NPs predominantly contributed to cellular necrosis with negligible effect on apoptosis (Figure 6 ). Nevertheless, ROS scavengers SOD plus CAT treatment extensively suppressed the induction of cellular necrosis in the presence of 9 nm Fe 3 O 4 NPs. Indeed, one vital function of mitochondria is to eliminate damaged cells by mitochondrial biogenesis in response to adenosine triphosphate depletion and oxidative stress. 29 More recently, Luo et al 30 demonstrated that superparamagnetic Fe 3 O 4 NPs alone exhibited no toxicity in H9c2 cardiomyocyte cells but sensitized acrolein-induced cell dysfunction as reflected by ROS generation, mitochondrial dysfunction, and necrosis. These data suggested that the intracellular localization of 9 nm Fe 3 O 4 NPs elicits ROS production to facilitate mitochondrial dysfunction, thus leading to cell necrosis.
Restoring or inducing cellular apoptosis and necrosis are potential strategies for cancer therapy. Several cellular and molecular biological characteristics could be found in the apoptotic and necrotic cells, including cell cycle assay, DNA damage, activation of the caspase cascade, and activation of MAPK pathway. 31 Furthermore, apoptosis and necrosis as well as many associated cellular mechanisms, including the regulation of PI3K/Akt/Bad pathway, induced by oxidative stress response have been observed. 32 In this study, we also confirmed that 9 nm Fe 3 O 4 NPs-induced ROS generation would result in dramatically enhanced p-Akt, p-Erk, and p-p38. Previous study has showed that platinum NPs as anti-inflammatory agents significantly reduced the lipopolysaccharide-induced production of intracellular ROS and suppressed the phosphorylation of Erk and Akt. 33 Analogously, superparamagnetic Fe 3 O 4 NPs have also been reported to sensitize acrolein-induced ROS generation for the activation of Erk. 30 Thus, these results in combination with our findings support the concept that the generation of ROS is required for Akt phosphorylation at Ser473 34 and Erk activation, which further stimulate cell necrosis. 35 In addition, p38 activation is widely believed to be pro-apoptotic in nature. 36 Overall, PI3K/Akt/Bad and MAPK pathways are involved in 9 nm Fe 3 O 4 NPs-induced cell apoptosis and necrosis.
Previously, LDH leakage was termed as the secondary necrosis pathway in the apoptotic process and often used as a marker of necrosis, since apoptotic cell body at the late stage was subjected to cellular membrane collapse. 37 This is in contrast with our findings that 14 nm Fe 3 O 4 NPs elicited strong LDH leakage but negligible effect on cell apoptosis and necrosis, and the LDH leakage induced by 14 nm Fe 3 O 4 NPs could be partially ameliorated by the treatment of ROS scavengers. However, the TEM images (Figure 3 ) illustrated that after cellular uptake through phagocytosis, the intracellular accumulation of 9 nm Fe 3 O 4 NPs presented NPs predominantly led to plasma membrane damage partially in a ROS generation-dependent manner. The study provides a foundation to incorporate in vivo toxicity data for quantitative risk assessment and could be extrapolated to other types of NPs and NPs-based drugs for safety evaluation in clinical application.
